INTRODUCTION
Most classes of neurons that constitute the central nervous system (CNS) are generated during embryonic development in response to local inductive cues. Such signals regulate gene expression in responding neural progenitors, which results in the generation of specific neuronal subtypes at defined positions of the developing CNS (Jessell, 2000) . Mesencephalic dopamine (DA) neurons, which degenerate in patients with Parkinson's disease, are derived from progenitors located at the ventral midline of the midbrain, while progenitors at adjacent lateral positions generate motor neurons or different types of interneurons (Hynes and Rosenthal, 1999) . Characterization of the molecular program that controls the generation of DA neurons during development is likely to facilitate the engineering of DA neurons from stem cells that, in turn, may be critical for development of stem cell-based therapies for Parkinson's disease.
Factors that control cell patterning and the generation of DA neurons in the ventral midbrain (vMB) remain poorly defined. The induction of DA neurons depends on Sonic hedgehog (Shh) signaling by ventral midline cells and the activity of the fibroblast growth factor (FGF) family member 8 (FGF8), secreted by the isthmic organizer (Hynes and Rosenthal, 1999; Hynes et al., 1995a Hynes et al., , 1995b . The primary role of these signaling molecules is to establish a vMB identity at initial stages of neural development. Several characterized transcription factors, including Nurr1, Pitx3, En, and Lmx1b, are involved in the maturation of postmitotic DA neurons but not in the initial specification of these cells (Nunes et al., 2003; Simon et al., 1998; Smidt et al., 1997; van den Munckhof et al., 2003; Wallen and Perlmann, 2003; Zetterströ m et al., 1997) . Intrinsic determinants acting downstream of Shh and upstream of transcription factors influencing the maturation of DA neurons should exist but have not yet been identified.
A unique property of DA neurons is their generation from the midline of the vMB, which is initially occupied by Shh-expressing glial-like floor-plate cells (Placzek and Briscoe, 2005; Placzek et al., 1990 Placzek et al., , 1993 . Thus, in contrast to most other neurons, the generation of DA neurons must be preceded by a conversion of floor-plate cells into neuronal progenitor cells. How such a conversion occurs, and the identity of factors controlling the transition, is another unresolved question.
Studies of the developing spinal cord have provided insights into basic strategies of neuronal cell-fate specification (Jessell, 2000) . At this level, Shh regulates the expression pattern of a set of homeodomain (HD) transcription factors in ventral progenitor cells (Briscoe et al., 2000) . These HD proteins, in turn, control the positional generation of motor neurons and interneurons by activating specific downstream genes that establish the subtype identity of postmitotic neurons (Briscoe et al., 2000; Jessell, 2000; Muhr et al., 2001; Pierani et al., 2001) . It seems likely that midbrain DA neurons are specified by similar mechanisms. Based on this assumption, we identified and characterized HD proteins expressed in midbrain DA neuron progenitor cells. We show that Lmx1a and Msx1 are selectively expressed in DA cell progenitors in the vMB and that these HD proteins are critically involved in the process of DA cell-fate specification. Moreover, we provide evidence that Lmx1a and Msx1 can be exploited as tools to engineer DA neurons from stem cells.
RESULTS

Lmx1a and Msx1 Are Expressed in Midbrain Dopamine Progenitor Cells
To identify HD proteins expressed in DA progenitor cells in the vMB, embryonic day (E) 10.5 mouse embryo vMB cDNA was used as a template to screen for HD-encoding transcripts by PCR. This approach, combined with a largescale in situ hybridization screen, identified Lmx1a and Msx1 as two transcription factors with relevant expression patterns. Whole-mount in situ hybridization at E11.5 showed that Lmx1a and Msx1 were both expressed in the vMB and at the caudalmost part of the diencephalon ( Figures 1A and  1B ). We applied immunohistochemistry to further examine the expression of Lmx1a and Msx1 relative to defined markers of postmitotic DA neurons, including Nurr1, Lmx1b, Pitx3, and tyrosine hydroxylase (TH), the rate-limiting enzyme in DA synthesis (Figures 1F-1K and 1V; data not shown). At E12.5, a stage when DA neurons are actively generated, Lmx1a and Msx1 were coexpressed in DA progenitors located immediately above differentiating DA neurons ( Figures 1C-1F Figures 1C, 1E , and 1F). Lmx1a was expressed prior to Msx1 and was first detected in ventral midline cells at E9 ( Figure 1G ). At this stage, Lmx1a was coexpressed with Nkx6.1, a HD protein that is broadly expressed in ventral progenitor cells (Vallstedt et al., 2001) , including motor neuron progenitors located lateral to DA progenitors ( Figure 1K ). From E9.5 and onward, the expression of Nkx6.1 was progressively extinguished in presumptive DA progenitor cells ( Figures 1K-1R ). The downregulation of Nkx6.1 expression correlated precisely with the initiation of Msx1 expression at E9.5 ( Figures 1O-1R ). Msx2 was also expressed in a pattern similar to Msx1 but at lower levels (data not shown).
Lmx1b is structurally related to Lmx1a and has previously been implicated in the maturation of DA neurons (Smidt et al., 2000) . While expressed in vMB progenitors, Lmx1b was not restricted to DA progenitors at early developmental stages ( Figures 1S-1V) . Also, expression of Lmx1b was downregulated in DA progenitors at E11.5, approximately 2 days before the cessation of midbrain DA neuron generation, while the expression of Lmx1a and Msx1 was maintained throughout this period ( Figure 1V ; data not shown Figure 2A ). Lmx1a and Msx1 were expressed in a fashion similar to in mouse embryos in the vMB of developing chick embryos ( Figures 2B-2E ). Expression of Otx1, En1, and Gbx2 was examined to monitor the anterior-posterior (AP) identities of explants in these experiments (see Figure S1A in the Supplemental Data available with this article online) (Martinez, 2001 Figure 2F ; data not shown) (Briscoe et al., 1999) . Exposure of explants to 15 nM Shh resulted in ventralization of progenitor-cell identity as determined by extinction of Pax7 expression and induction of Nkx2.2 ( Figure 2G ). Notably, under this condition, Lmx1a and Msx1/2 were induced only in midbrain explants preceding the expression of the late DA cell markers Nurr1 and TH ( Figure 2G ). Together, these data indicate that the ventral induction of Lmx1a and Msx1 depends on Shh signaling and that the ability of Shh to induce these factors is restricted along the AP axis.
Lmx1a Is Sufficient to Induce Dopamine Neurons In Vivo
We next examined whether Lmx1a and/or Msx1 can induce ectopic DA neurons in the chick midbrain. Lmx1a-and Msx1-encoding cDNAs were inserted into retroviral RCAS vectors. Expression vectors were unilaterally transfected into the midbrain of HH stage 10 chick embryos by in ovo electroporation, and embryos were harvested after 60-110 hr of incubation (Briscoe et al., 2000) . Interestingly, transfection of Lmx1a, but not Msx1, resulted in extensive induction of ectopic DA neurons in the vMB as indicated by the induction of Nurr1, Lmx1b, and TH ( Figures 3A-3E ). Induction of DA neurons by Lmx1a was preceded by a respecification of progenitor-cell identity as indicated by induction of Msx1 and suppression of Nkx6.1 expression in lateral progenitor cells (Figures 3F-3I) . Also, the number of Lim1/2 + neurons that are normally generated lateral to DA neurons was reduced, indicating that the induction of DA neurons by Lmx1a is accompanied by a loss of other ventral neuronal subtypes ( Figure 3J and 3K) . Together, these data show that Lmx1a, but not Msx1, is sufficient to induce ectopic DA neurons in the midbrain. Moreover, in line with the sequential induction of Lmx1a and Msx1 observed in mice, these data provide evidence that Lmx1a activates the expression of Msx1 in DA progenitor cells.
Forced expression of Lmx1a in dorsal Pax7 + progenitors did not result in the induction of Nurr1 + /Lmx1b + DA neurons despite its ability to induce Msx1 also in the dorsal midbrain ( Figure 3M and 3N ) (Chizhikov and Millen, 2004b) . Thus, since the competence of Lmx1a to induce DA neurons is limited to ventral progenitor cells, it is possible that ongoing Shh signaling, or an as yet unidentified Shh-induced activity, may act in parallel to Lmx1a in the induction of these cells. Alternatively, Shh signaling could repress a factor that suppresses the DA cell differentiation program.
Lmx1a Is Required for the Generation of DA Neurons
To test whether Lmx1a is required for the generation of DA neurons, we used siRNA to knock down Lmx1a in the chick vMB. While ventral progenitor-cell expression of Lmx1b was unaffected, Lmx1a was virtually extinguished at 72 hr posttransfection (hpt) of an Lmx1a siRNA ( Figures 4B and 4F ).
In contrast, dorsal expression of Lmx1a was unaffected ( Figure 4L ). Strikingly, the elimination of Lmx1a resulted in abolished progenitor Msx1 expression and a drastic reduction of postmitotic Nurr1 + /Lmx1b + DA neurons (Figures 4D, 4F, and 4H) . In contrast, the generation of Isl1 + motor neurons and Lim1/2 + interneurons was unaltered ( Figure 4J; data not shown). Transfection of a control siRNA did not affect the expression of any analyzed marker (Figures 4A, 4C, 4E, 4G, 4I, and 4K) . This loss-of-function experiment reveals a requirement for Lmx1a in the generation of DA neurons and also suggests that Lmx1b cannot compensate for the loss of Lmx1a.
Msx1 Represses Nkx6.1 and Acts Synergistically with Lmx1a in the Induction of DA Neurons
Our data show that Msx1 alone is not sufficient to induce DA neurons, raising the issue of its function in DA progenitors ( Figure 3A ). Patterning HD proteins often function as Groucho/TLE-dependent transcriptional repressors ). Sequence analysis revealed that Msx1, but not Lmx1a, contained a putative Groucho/TLE binding eh1 domain, supporting previous data showing that Msx1 can function as a transcriptional repressor (Catron et al., 1995; Muhr et al., 2001) . Indeed, Msx1 functioned as a Groucho/ TLE-dependent repressor in a reporter-gene assay in transfected COS-7 cells ( Figure 5A ). Msx1 could also interact with a bacterially produced GST-Groucho in vitro ( Figure S2 ). In contrast, Lmx1a did not repress transcription ( Figure 5A ). Instead, Lmx1a functioned as a transcriptional activator whose activity was enhanced by cotransfection of the LIMdomain binding coactivator Ldb1 ( Figure 5B ).
The gradual extinction of Nkx6.1 expression in DA progenitors correlates with the induction of Msx1 expression . We therefore assessed whether Msx1 functions as a Nkx6.1 repressor in vivo. Transfected embryos were analyzed at 20 hpt, a time point when endogenous expression of Msx1 had not been initiated ( Figures 5C-5J ). To ensure rapid expression, we used an Msx1 expression vector driven by a viral SV40 early promoter (pECE). Expression of Msx1 had essentially extinguished Nkx6.1 expression in vMB progenitors at 20 hpt ( Figures 5D and 5F ). Nkx6.1 is required for the generation for motor neurons in the spinal cord (Vallstedt et al., 2001 ), and we noted that forced expression of Msx1 reduced the number of Isl1/2 + motor neurons in the vMB (data not shown). Together, these data show that Msx1 is a repressor of Nkx6.1 expression and suggest that Msx1 functions to suppress alternative ventral cell fates in the DA progenitor domain. As shown above, Lmx1a can also repress Nkx6.1 expression ( Figure 3I ). However, since Lmx1a induces Msx1, it appears likely that Lmx1a-mediated suppression of Nkx6.1 is indirect. Indeed, transfection of pECE-Lmx1a did not result in the repression of Nkx6.1 at 20 hpt, a time point when Lmx1a had not yet induced Msx1 ( Figure 5E ; data not shown).
We next considered the consequences of combined Lmx1a and Msx1 expression in vMB progenitors. (Placzek and Briscoe, 2005; Placzek et al., 1993) . Thus, the generation of DA neurons must be preceded by a glialto-neuronal conversion. Consistent with such a transition, the proneural basic helix-loop-helix protein Ngn2 (Bertrand et al., 2002) begins to be expressed at the ventral midline of the midbrain at around E10.75, and the expression of Shh becomes downregulated in DA progenitors at E11.5 ( Figures 6A-6D ). Since our experiments indicate that Msx1 influences the timing of DA neuron production, it seemed possible that Msx1 mediates the suppression of floor-plate characteristics and induces neuronal differentiation in ventral midline cells. To test this possibility, Msx1 was prematurely expressed in transgenic mice using a Shh enhancer (ShhE) (Epstein et al., 1999) , which is active at least 24 hr before induction of endogenous Msx1 expression in the vMB. Strikingly, premature activation of Msx1 resulted in rapid extinction of Nkx6.1 expression and a marked induction of Ngn2 expression in ventral midline cells already at E9-E9.25 . Notably, premature Msx1 expression did not affect the induction of Lmx1a ( Figures 6G and 6H ). The early activation of Ngn2 was accompanied by premature induction of additional markers. Thus, the panneuronal marker Nsg1 and the DA-specific markers Nurr1, Pitx3, and TH were expressed already at E10.5 ( Figures 6K-6R) . Moreover, the premature induction of DA neurons in ShhE-Msx1 transgenic embryos was associated with a marked downregulation of Shh expression in ventral midline cells already at E10.5 ( Figures 6U and 6V ). In conclusion, premature induction of Msx1 results in upregulation of Ngn2 expression, a loss of floor-plate characteristics, and premature induction of DA neurons, suggesting that Msx1 controls the timing of DA cell neurogenesis.
To examine whether Msx1 is also required for the proper generation of DA neurons, we analyzed Msx1 knockout mouse embryos (Houzelstein et al., 1997) . At E11.5, Nkx6.1 expression was not completely extinguished in the ventral midline of Msx1 mutant embryos ( Figure S3 ). The progenitor-cell expression of Msx2 and Lmx1a appeared unaffected by the loss of Msx1 function ( Figure S3 ; data not shown). Moreover, as compared to littermate controls, a 40% reduction in the number of Ngn2 + progenitor cells and Nurr1 + DA neurons was observed in mutants ( Figure S3 ).
These data support our gain-of-function experiments and reveal a requirement of Msx1 for the proper production of DA neurons in the midbrain. Since DA neurons still can be generated in Msx1 mutants, however, it is feasible that Msx2 or another unidentified activity can partly compensate for the loss of Msx1 in this process.
Engineering of DA Cells from Embryonic Stem Cells by Expression of Lmx1a and Msx1
We next examined the ability of Lmx1a, Msx1, and Lmx1b to induce DA cell differentiation in cultured mouse embryonic stem (mES) cells. In these experiments, Lmx1a, Msx1, and Lmx1b cDNAs and an eGFP control were inserted into expression vectors driven by a Nestin enhancer (NesE) (Lothian and Lendahl, 1997) . The Nestin enhancer is active in neuronal progenitor cells, but not in undifferentiated mES cells or in postmitotic neurons (data not shown). Undifferentiated mES cells were transfected and differentiated into Nestin + neuronal progenitors by plating on gelatin-coated culture plates in medium containing FGF2, FGF8, and low concentration of Shh (1.7 nM) (Ying et al., 2003) . Under these conditions, mES cells transfected with the NesE-eGFP generated neural progenitors that expressed En1/2 and Nkx6.1 but not Pax7, Msx1, or Lmx1a ( Figures 7A and 7D) . Thus, mES cells exposed to FGF2, FGF8, and low concentrations of Shh adopt an identity of ventral progenitors at the midbrain/rostral hindbrain level of the neuraxis. After 8 days of culture, most cells had differentiated into TuJ1 + postmitotic neurons, but none of these cells expressed TH ( Figure 7B ). Figure 7C ; data not shown). Also, almost no Lmx1a-induced TH + cells were positive for GABA, a neurotransmitter that is not expressed by midbrain DA neurons ( Figures 7C and 7E) .
Consistent with our in vivo observations, Lmx1a was only competent to induce DA neurons in cells that had been ventralized by Shh. When mES cells were cultured in the absence of Shh, mES cell-derived neural progenitors expressed the dorsal progenitor-cell marker Pax7 ( Figure 7A ). Under these conditions, NesE-Lmx1a induced Msx1/2 expression but no TH + neurons ( Figures 7A and 7B ). Together, these data provide strong evidence that Lmx1a can induce the generation of bona fide midbrain DA neurons from ventralized mES-derived neural progenitor cells. Although coexpression of TH, Nurr1, Lmx1a, Lmx1b, En1/2, and DAT defines midbrain DA neurons, these factors are also individually expressed in other neuronal subtypes in the developing CNS (Asbreuk et al., 2002; Davis et al., 1991; Davis and Joyner, 1988; Failli et al., 2002; Zetterströ m et al., 1996a Zetterströ m et al., , 1996b . Previous studies have indicated that the exposure of mES cells to Shh and FGF8 can induce the generation of midbrain DA neurons (Barberi et al., 2003; Lee et al., 2000) . We therefore examined the identity of neurons generated from mES cells exposed to 15 nM Shh, a concentration sufficient to induce DA neurons in isolated primary neuralplate tissue (Figure 2 ). Importantly, in this condition Nurr1 and Lmx1b were induced, but these transcription factors were not coexpressed in the same cells, and no mES cellderived TH + neurons were detected after 8 days of culture ( Figures 7E and 7F ). After 12 days of culture, and consistent with previous studies, a subset of TuJ1 + neurons had initiated TH expression ( Figure 7F ) (Ying et al., 2003) . However, the majority of these Shh-induced TH + cells coexpressed GABA, and only rare TH + cells coexpressed Lmx1b or Pitx3 ( Figures 7E and 7F ). Like cells exposed to 1.7 nM Shh, Lmx1a-transfected cells exposed to 15 nM Shh generated DA neurons with a ''correct'' midbrain DA neuron identity, and these neurons did not coexpress GABA (data not shown). Thus, while exposure of cells to high concentrations of Shh results in the generation of a few TH + cells after 12 days of culture, the vast majority of these cells do not coexpress other DA neuron markers, indicating that Shh alone is insufficient to induce DA neurons with a correct midbrain identity. The reason why Shh alone is unable to induce DA neurons remains uncertain. However, it seems likely that ES cell-derived neural progenitors have a narrow ''window of competence'' for DA neuron generation and that it is the rapid expression of Lmx1a after NesE-Lmx1a transfection that ensures robust induction of authentic DA neurons. We also analyzed how transfection of NesE-Msx1 affected the process of mES cell differentiation. In vivo, Msx1 alone is unable to induce DA neurons but is sufficient to induce Ngn2 expression. Similarly, Msx1 induced Ngn2, but not DA neurons, in mES cell-derived neural progenitors (Figures S4A and Ngn2 (C and D) at E9.5 and E11.5 is seen. Premature expression of Msx1 in ShhE transgenic mice repressed Nkx6.1 (E and F) at E9; induced Ngn2 (I and J) at E9.5 and the panneuronal marker Nsg1 (K and L) and DA-specific markers Nurr1 (M and N), Pitx3 (O and P), and TH (Q and R) at E10.5; but had no effects on Lmx1a induction (G and H). A premature loss of Shh expression was observed in ShhE-Msx1 transgenic mice (U and V). Isl1/2 expression was unaffected (S and T). Red brackets indicate DA progenitor-domain boundaries. While Msx1 expression in ShhE-Msx1 transgenic embryos resulted in precocious production of DA neurons in all analyzed embryos (37 of 37), ectopic DA neurons and reduction of Isl1/2 + motor neurons were observed in 3 of 37 embryos (data not shown). This weak ability of Msx1 to induce DA neurons at ectopic positions might depend on Lmx1b, which is expressed in a relatively broad domain at early embryonic stages (but not in the chick; see also Figures 1S-1U and data not shown). Figure S4C ).
DISCUSSION
The prospect of using stem cell-derived DA neurons for transplantation in Parkinson's patients has emphasized the requirement of understanding the normal pathway of DA neuron development. Here we show that Lmx1a is a transcriptional determinant of midbrain DA neurons. Msx1, which is rapidly induced by Lmx1a, suppresses floor-plate characteristics and induces panneuronal differentiation. Below, we address the specific roles of Lmx1a and Msx1 in relation to DA neuron generation and discuss the potential of using these factors to control the generation of DA neurons from stem cells.
Lmx1a Is an Intrinsic Determinant of Midbrain DA Neurons
Neuronal-subtype specification has been extensively studied in the ventral spinal cord (Jessell, 2000) . At this level, intrinsic cell-fate determinants are typically HD proteins that are specifically expressed and function as Groucho/TLEdependent transcriptional repressors . A primary role of these transcription factors is to suppress the expression of other HD repressor proteins that are normally expressed in adjacent progenitor domains of the neural tube (Briscoe et al., 2000; Muhr et al., 2001) . Accordingly, at a given position, one specific fate of differentiation is permitted through derepression, while alternative cell fates are actively suppressed . The activation of specific downstream genes, in turn, appears to be mediated by broadly expressed transcriptional activators such as retinoic-acid receptors, SP-1, and E2F (Lee et al., 2004; Muhr et al., 2001; Novitch et al., 2003) . Transcriptional activators and repressors seem to be utilized in a somewhat different way in subtype specification of DA neurons. A marked difference between Lmx1a and many previously defined HD determinants is that Lmx1a functions as a transcriptional activator. Suppression of alternative fates by Lmx1a appears to be mediated indirectly through the rapid induction of Msx1, which is a Groucho/TLE-dependent HD repressor. Also, in contrast to the general transcriptional activators that seem to operate in the spinal cord, it is feasible that Lmx1a, whose expression is maintained in postmitotic DA neurons, functions as a specific activator of downstream genes, including Nurr1. Indeed, the inability of Msx1 to induce DA neuron differentiation outside of the endogenous DA progenitor domain directly supports this idea and indicates that general activators alone are not sufficient to trigger DA cell differentiation. In addition to Lmx1a, the structurally related protein Lmx1b is expressed in DA progenitors (Figure 1) (Asbreuk et al., 2002) . However, the following observations suggest that Lmx1a and Lmx1b have distinct roles in the development of these cells. First, in contrast to Lmx1a, Lmx1b is not specifically expressed in DA progenitor cells, and its expression is not maintained over the period of DA neuron generation (Figure 1) . Second, Lmx1a siRNA experiments provide evidence that Lmx1b cannot compensate for the loss of Lmx1a in the specification of DA neurons. Third, Lmx1a is a substantially more efficient inducer of DA neurons in mES cells as compared to Lmx1b. It is also notable that postmitotic DA markers are initially detected in Lmx1b null embryos but are lost as development proceeds (Asbreuk et al., 2002) . Thus, while we cannot exclude partial redundancy between these proteins, it seems likely that Lmx1b has a more profound role in differentiating postmitotic DA neurons.
Msx1 Coordinates Patterning and Panneuronal Differentiation Downstream of Lmx1a
Our data indicate that a second role of Msx1 in addition to suppressing alternative cell fates is to induce cell-cycle exit and panneuronal differentiation through its ability to induce Ngn2. The activities of Msx1 in DA progenitors show analogy to the bHLH transcription factor Olig2, a repressor protein that induces Ngn2 expression and suppresses alternative cell fates in motor neuron progenitors in the spinal cord (Mizuguchi et al., 2001; Novitch et al., 2001; Zhou and Anderson, 2002) . It is unclear how Msx1 and Olig2 can activate Ngn2 expression, but it seems plausible that Msx1 and Olig2 suppress the expression of a Ngn2 repressor, thus permitting activators to induce Ngn2 expression. Lmx1a would formally qualify as such an activator in the midbrain, but, since Msx1 can induce Ngn2 expression in mES cell-derived Lmx1a ÿ neural progenitors (Figure 7 and Figure S4 ), more broadly expressed activators are likely to mediate this activity.
A unique aspect of DA neuron development is their generation at the ventral midline, which initially is occupied by gliallike floor-plate cells (Placzek and Briscoe, 2005) . Thus, in contrast to most other neurons, the birth of DA neurons must be preceded by a conversion of floor-plate cells into neuronal progenitors. The early birth of DA neurons and the premature downregulation of Shh expression at the ventral midline of ShhE-Msx1 transgenic mice indicate that Msx1 is intimately involved in this process. These data also favor a direct lineage relationship between floor-plate cells and DA neurons, a conclusion that is directly supported by the finding that Shh and Lmx1a are coexpressed in the ventral midline at early stages ( Figure S5 ). Thus, Msx1 does not simply induce panneuronal differentiation but also seems to trigger a glial-to-neuronal switch. Msx1 thereby sets the timing of DA neuron generation at the ventral midline, presumably through its ability to induce the expression of Ngn2.
A Similar Pathway Controls the Generation of DA Neurons and Dorsal Roof-Plate Cells Considering the well-established roles for Lmx1a, Lmx1b, Msx1, and Msx2 in dorsal cell-fate specification and in particular roof-plate cells (Bach et al., 2003; Millen, 2004a, 2004b; Millonig et al., 2000; Wang et al., 1996) , it is striking that these four proteins also can be linked to the development of DA neurons at the ventral extreme of the midbrain. Since midbrain DA neurons have appeared relatively late in evolution as indicated by their absence in fish and certain amphibians (Gonzalez and Smeets, 1991) , it is tempting to speculate that their emergence involved the recruitment of an evolutionarily ancient dorsal differentiation program (Arendt and Nubler-Jung, 1999) . The ability of Lmx1a to induce roof-plate cells or DA neurons would, according to our data and this hypothesis, be determined by the dorsal-ventral identity of progenitor cells. Since DA neurons innervating the striatum are present in ventral diencephalon in fish, Lmx1a/b-expressing DA neurons may also have been relocated from the diencephalon into the midbrain over evolutionary time. It is therefore noteworthy that ventral expression of Lmx1b.2 in zebrafish is restricted to the diencephalon while the closely related gene Lmx1b.1 also extends caudally into the midbrain (O'Hara et al., 2005) .
Lmx1a Directs Midbrain DA Neuron Differentiation from Mouse mES Cells
Ethical and practical issues associated with transplantation of fetal DA neurons to patients with Parkinson's disease has triggered intense interest in the possibility of the use of in vitro-engineered stem cells as an unlimited cellular source for transplantation. A main objective of this study has been to investigate whether the identification of determinants that underlie the specification of DA neurons during development can be exploited in a rational strategy to generate DA neurons from stem cells in vitro. In line with our in vivo analysis, Lmx1a functions as a DA neuron determinant in mES cells while Msx1 controls Ngn2 expression and panneuronal differentiation. Also, the DA neuron-inducing activity of Lmx1a is limited to mES-derived cells that have been ventralized by Shh. These observations strongly suggest that the developmental pathway of DA neuron generation can be effectively recapitulated in differentiating mES cells in culture.
It is apparent that the correct identity of transplanted in vitro-engineered DA neurons is a parameter that will critically influence the therapeutic potential of stem cell-derived DA neurons. Analyses of an array of midbrain DA markers at the single-cell level unambiguously demonstrated that Lmx1a-expressing mES cells produced TH + neurons with an authentic midbrain identity (Figure 7) . In long-term cultures, late markers of mature DA neurons were expressed, including DAT and the vesicular monoamine transporter, providing additional evidence that these cells differentiate into bona fide midbrain DA neurons (Figure 7 ; data not shown). In contrast, very few, if any, TH + neurons generated from mock-transfected mES cells exposed to FGF8 and Shh expressed a correct midbrain DA neuron identity. A recent study using another established protocol for the generation of mES cell-derived TH + neurons is in line with our observations and showed that only a minority of TH + cells coexpressed the midbrain DA neuron marker Pitx3 (Zhao et al., 2004) . These observations underscore the importance of validating the correct identity of stem cell-derived TH + cells by extensive marker analysis at the single-cell level and may provide an explanation for why several transplantation studies using stem cell-derived neurons have met limited success (Lindvall et al., 2004) . The identification of Lmx1a and Msx1 has shown that an increased understanding of the normal generation of DA neurons during development can enable the generation of bona fide DA neurons from stem cells. In previous studies, the developmental pathway of motor neuron generation has been recapitulated in strategies to generate motor neurons from mES cells (Li et al., 2005; Wichterle et al., 2002) . Up to 30% of cells differentiated into motor neurons when mES cells were exposed to Shh and retinoic acid, showing that extrinsic signals can be sufficient to promote the generation of a clinically relevant cell type (Wichterle et al., 2002) . While we cannot exclude that protocols using only extrinsic factors can be used for the efficient generation of midbrain DA neurons, our data imply that the combination of extrinsic signals and intrinsic determinants may be required as tools for the production of authentic DA neurons that ultimately can be used in the treatment of Parkinson's disease.
EXPERIMENTAL PROCEDURES
Identification of Lmx1a and Msx1
Degenerated homeodomain primers (Dhawan et al., 1997) and RT-PCR were used to screen a cDNA library prepared from dissected mouse E10.5 vMB tissue. Products were subcloned into pGemTA vector (Promega) and sequenced. For further studies, a full-length cDNA of Msx1 was isolated from the mouse cDNA library using RT-PCR. Lmx1a was identified in a large-scale in situ hybridization screen for CNSexpressed genes (J.E., unpublished data).
DNA Constructs and siRNA cDNAs encoding mouse homologs of Lmx1a (Riken; AK044944), Lmx1b (Ma, Q), Msx1 and ldb1 (RZPD; IRAKp961I2317Q), and Grg4 were used. Constructs were inserted into pCAGGS and RCASBP (Briscoe et al., 2000) , pECE (Ellis et al., 1986) , CMXGAL4 (Perlmann and Jansson, 1995) , or NesE vectors. NesE vector was generated by subcloning the nestin 1852 enhancer (Lothian and Lendahl, 1997) into a modified pBluescript vector. To generate ShhE-Msx1 transgenic mouse, Msx1 cDNA was inserted under a Shh promoter/enhancer region (Sexp5, D. Eppstein). Stealth siRNA for chick Lmx1a was designed using BLOCK-iT RNAi Designer (Invitrogen). The RNA duplex 5 0 -ACAGCGAC GAAACCUCACUGAGCAA-3 0 was used (Invitrogen). siRNA (5 0 -AACUG GACUUCCAGAAGAACA-3 0 ) against human lamin was used as control (Dharmacon).
In Ovo Electroporation cDNAs encoding Lmx1a and Msx1 in RCASBP or pECE were electroporated (Briscoe et al., 2000) at 1.5 mg/ml into the midbrain of HH stage 10-12 chick embryos. siRNA was used at 2 mg/ml in H 2 O with 1% fast green.
Neural Plate Explants
Intermediate neural-plate explants from forebrain, midbrain, and hindbrain regions (Muhr et al., 1997) were dissected from HH stage 6 chick embryos and cultured for 24-96 hr in the absence or presence of 15 nM Shh (R&D Systems).
COS-7 Cell Assays
COS-7 cells were transfected with 1.5 mg DNA. Plasmids (100 ng MH100-tk-luciferase reporter, 50 ng CMV-lacZ, 200 ng Gal4-fusions [Gal-only, Gal-Msx1, Gal-Msx1DEh1, or Gal-Lmx1a], 200-800 ng mGrg4, Ldb1, and/or pcDNA3) were cotransfected and harvested after 48 hr, and luciferase activity in individual transfections was compared with the value of the Gal-only control defined as 1 ($50,000 luciferase units). Data points represent the average of at least three transfections ± SD.
Differentiation of ES Cells
E14.1 ES cells were propagated on gelatinized culture dishes in DMEM (Invitrogen) supplemented with 2000 U/ml LIF (Chemicon), 10% KSR, 2% FCS, 0.1 mM nonessential amino acids, 1 mM pyruvate (Invitrogen), and 0.1 mM b2-mercaptoethanol (Sigma). For in vitro differentiation, 1.2 Â 10 6 ES cells were nucleofected with expression vectors according to protocol (mouse ES nucleoporator kit, AMAXA), replated on gelatinized 24-well plates (15,000 cells/well), and incubated in ES medium for 12-15 hr. Thereafter, the cells were washed once with PBS and grown in N2B27 differentiation medium (Ying et al., 2003) supplemented with 20 ng/ml bFGF (Invitrogen), 100 ng/ml FGF8, and various concentrations of SHH (R&D systems) for 0-16 days. For statistical analysis, either the number of positive colonies (where at least 40% of the cells expressed the relevant marker) or the number of double-positive cells was counted.
The data points represent the average of at least five independent experiments ± SD.
Immunohistochemistry and In Situ Hybridization
Immunohistochemical localization of proteins was performed as described (Briscoe et al., 2000) . Antibodies used were mouse Shh, Isl1, Otx1, Pax7, En1, LIM1/2, Msx1/2, Lmx1b, Ngn2, Nkx2.2 (Developmental Studies Hybridoma Bank), TuJ1 (Babco), TH (Chemicon), rabbit Lmx1a (M. German), Gbx2 (T. Edlund), Nkx2.2 (T. Jessell), Nurr1 (Santa Cruz Biotechnology, T.P.), GABA (Sigma), TH (PelFreeze), GFP (Molecular Probes), and Pitx3 (Smidt et al., 2004) ; guinea pig Isl1/2, Nkx6.1, and Lmx1b (T. Jessell); and rat DAT (Abcam). Whole-mount in situ hybridization was performed essentially as described (Wilkinson, 1992) . In situ hybridization on sections was performed as described in Briscoe et al. (2000) using chick TH (MRC, ChEST1010E8) or Nsg1 (Riken clone AK078054).
Supplemental Data
Supplemental Data include five figures and can be found with this article online at http://www.cell.com/cgi/content/full/124/2/393/DC1/.
